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Theoretical investigation of defects in photonic crystals in the presence of dielectric losses
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We study defect states in two- and three-dimensional dielectric photonic crystals. We use the transfer-matrix
method and we calculate the transmission and reflection coefficient of electromagnetic wav@sfathar of
the defect states increases exponentially with the thickness of the photonic crystal. However, it saturates at high
thickness when absorption is introduced. The higher the absorption, the lower the saturated valu® of the
factor.[S0163-182€08)00907-2

[. INTRODUCTION of various frequencies incident on a finite thickness slab of
PBG material. In that case, the material is assumed to be
It is now well known that the propagation of electromag- periodic in the directions parallel to the interfaces. The TMM
netic (EM) waves in periodic dielectric arrays can be com-has previously been applied to defects in 2D PBG
pletely forbidden for a certain range of frequencies, the sostructures;’ photonic crystals with complex and frequency-
called photonic band ga(jDBG)l These two-dimensional dependent dielectric Constaﬁ?s,neta”ic PBG material%?’zs

(2D) or (3D) photonic crystals offer the potential to engineer@nd angular filters? In all these examples, the agreement
the properties of the EM waves in these structdrdgie  Petween theoretical calculations and experimental measure-
initial interest in this subject came from the proposal to use"ents was very good.

PBG crystals to inhibit spontaneous emission in photonic

devices, leading to more efficient light emitters like thresh- 1. TWO-DIMENSIONAL CRYSTALS

oldless semiconductor lasers and single mode light-emitting

diodes?>® However, the difficulties of fabricating smaller ~ We study a 2D crystal consisting of infinitely long cylin-
scale structures restricted the experimental demonstration @€rs with their axis along the axis and forming a square
the photonic crystals to the microwave and the millimeterlattice. The lattice constant = 1.27 mm and the rods di-
wave frequency regiorfs:°There are several applications of ameter 0.51 mm. We use alumina-ceramic rods with the di-
the photonic crystals in those frequency regions such as eflectric constant 9.61. The system is finite along yhaxis
ficient antennas, filters, sources, and wavegutde€.Some  with thicknesd.. In all the cases, the electric field is parallel
of those applications are based on the presence of defect i thez axis. We assume periodic boundary conditions at the
cavity modes, which are obtained by locally disturbing theedges of the system in thedirection. These calculations are
periodicity of the photonic crystaf1°=*3The frequencies of intended to simulate the system used by Eiral. in their
these modes lie within the photonic band gap, and the ass@xperiments® We should point out though, that the crystal
ciated fields are localized around the defect. used by Linet al. was finite in all the directions.

In this paper, we study the properties of defect states in Figure 1 shows the transmission of waves traveling along
2D and 3D photonic crystals. In particular, we are interestedhey axis (normal incidenck the thickness of the system is
in the defect frequency, polarization, quality fact@)( and L/a=11. In the periodic casghe dotted line in Fig. J|, there
their coupling efficiency to modes outside of the photonicis a gap between 62 and 103 GHz. This is not the full band
crystal. We also study how these properties are affected bgap since it corresponds only in thhie X direction in thek
the introduction of the absorption. space. By removing the rods from the fifth and sixth layers,

We use the transfer-matrix meth6BMM), introduced by ~ a peak in the transmission appears at 85.16 @étid line
Pendry and MacKinnoff to calculate the EM transmission in Fig. 1). The quality factorQ is defined as the center fre-
through a photonic crystal with defects. In the TMM, the quencywy divided by the peak’s linewidtiA at half maxi-
total volume of the photonic crystal is divided in small cells mum. The defect peak shown in Fig. 1 h@s-5009 while
and the fields in each cell are coupled with those in thehe transmission at the center frequency-8 dB. That
neighboring cells. Then the transfer matrix can be defined byneans that almost 50% of the incident power is transmitted.
relating the incident fields on one side of the photonic crystalAlso, the gap seems to increase slightly while the transmis-
with the outgoing fields on the other side. Using the TMM, sion in the middle of the gap increases with the introduction
the band structure of an infinite periodic system can be calef the defect. The widening of the gap with the introduction
culated, but the main advantage of this method is the calcwsf the defect is an interesting observation that needs further
lation of transmission and reflection properties of EM wavesstudies to be completely understood.
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FIG. 1. The transmitted intensityl§ of EM waves propagating in a 2D square lattice consisting of cylindrical alumina rods. The lattice
constant isa=1.27 mm, the radius of the rods is 0.255 mm, and the thickness of the systegim=d 1. Dotted line shows the results of a
perfect lattice while the solid line corresponds to the case where two neighboring layers of rods in the middle of the structure have been

removed.

Figure 2 shows the linewidtA of the defect peak as a the imaginary part ofe 0.01 and 0.05, respectively. We

function of the total thickness of the system In all the

should also mention that the transmission at the top of the

cases, the defgct is cr_eated by removing two neighboringeak decreases by increasing the imaginary pae. dfi a
layers of rods in the middle of the system. The center frecrystal withL/a= 11, the transmission at the top of the peak

quency is around 85.2 GHz and the transmission at the top § — 3, — 10, and— 20 dB for the imaginary part of, 0, 0.01,
the peak is-3 dB regardless of the thickness. The linewidth and 0.05, respectively.

changes five orders of magnitude from thi@=5 to 17. An
exponential functiorgsolid line in Fig. 2 fits our calculations

very well, which is a general characteristic of tunneling

behavior’® A Q value of more than 0can be achieved for

total thicknesd_/a=17. Our results are in good agreement

with the measurements of Liet al?® up toL/a=14. How-

ever, for higher/a, they found that the linewidth saturates
at a value of about 3.5 MHz. They speculate that dielectric
loss should be the problem for that saturation. Indeed, th
results shown in Fig. 2 support that speculation. By adding a

small imaginary part in the dielectric constagtthe line-

width saturates to a constant value depending on the imag
nary part ofe. The saturated value is 0.02 and 0.1 GHz for
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FIG. 2. The linewidth of the defect peakas a function of the
total thickness of the systerh/a, for imaginary part ofe equal to
0, 0.01, and 0.0%solid, dashed, and dotted lines, respectively

In order to better understand the effect of the absorption
on the properties of the defect states, we show in Fig. 3 the
transmission, reflection, and absorption at the top of the de-
fect peak as a function of the imaginary part of #heThe
system is similar to the one in Figs. 1 and 2; results for
L/a=11 and 9(solid and dotted lineésare shown in Fig. 3.
For a constant imaginary part ef the transmission becomes
smaller as the thickness of the system increases. The trans-
ission decreases monotonically by increasing the imagi-
ary part ofe. However, the absorption has a maximum at
the same value of the imaginary parteoivhere the reflection
Kas a minimum. The reflection at the minimum has a more
than—20 dB drop. It is interesting to analyze the behavior of
the absorption. The overall trend is an increase of the absorp-
tion as the imaginary part afincreases. We believe that the
absorption peak shown in Fig(l8 is due to the inhomoge-
neity of the structure. Although most of the wave is localized
in the air defect, there is some part that is located in the
absorbing cylinder$3° At the peak of the absorption, the
part of the wave located in the absorbing cylinders should be
maximum. By increasing the thickness of the system, the
maximum of the absorptiofor the minimum of the reflec-
tion) appears in smaller values of the imaginary par¢.do,
for a particular real and imaginary part of the dielectric con-
stant, we can adjust the thickness of our system in order to
get the maximum absorption and the minimum reflection.
This effect might have some applications in the construction
of antireflection coatings. We expect that defect states in 3D
photonic crystals will have similar dependence on the ab-
sorption.

We now study a system consisting lofa=11 layers of
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-40 g s e —— function of the cavity size.
105 0.0001  0.001 0.01 0.1 1
Imag(¢) tor model. In this model, the defect frequency is proportional
to ki +kZ, wherek;=/d; (i=x,y) are the wave vectors for
1 +—rrrf——rrp——r e the standing waved, andd, are the size of the cavity that
- : ] they have been able to find by fitting this formula to their
& 0841 1 measurements. The linewidth data can be fitted very well to
;g [ ; an exponential function, which means that the linewidth de-
‘S : ] creases exponentially by decreasing the cavity size. This is
S 06 T also in good agreement with the measurements reported by
c [ . Lin et al?® except for cavity sizes 1 and 2. For these two
2 04+ 1 sizes, they found the same linewidth in contrast with our
g [ ] calculations(Fig. 4). We attribute this difference to the satu-
§ 0.2-F 1 ration of the measured linewidth due to the absorption.
< T (b - We can also tune the defect frequency along the photonic
i % band gap by changing the radius of one of the rddsigure
0 B B S SN e 5 shows the defect frequency and the linewidth of EM waves
0% 0.0001 0001  0.01 0.1 ! with k vector along the/ axis. The thickness of the photonic
Imag(<) crystal isL/a=7. In the lateral dimensiofx direction, we
, \ use a supercell consisting of seven unit cells with periodic
L A B B AL BRI ALY boundary conditions at the edges of the supercell. The defect
[ 1 is introduced by changing the radiug,, of one rod at the
0.8 fifth layer. The radius of the undistorted rods isThe defect
° i state first appears fary/r less than 0.85 and moves along
2 0.6 the gap from the lower edge of the gap towards the higher
8 - edge of the gap asy/r decreases. Aty/r=0, the defect
o [ frequency is 92 GHz. The present results are in agreement
5 0~4’_‘ with those shown in Fig. 1 of Villeneuve, Fan, and
o - Joannopoulo& The linewidth starts from relatively high
0.2 values(0.105 GHz atr4/r=0.8), it reaches its lowest value
[ (c) . ] close to the center of the PB(®.0205 GHz atr4/r =0.6),
04— TR B .._-K...E ]
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FIG. 3. The transmitted intensifl, absorptionA, and reflection —_ : T“—>? 0.3 ~
R, at the top of the defect peak as a function of the imaginary part g 85 : l ] 3
of € for thicknessL/a=11 and 9(solid and dotted lines, respec- < 80 f -} 0.08 §_
tively). Q C 5 S
$ Pe—o-— 1 0065
rods along they axis. Along thex axis, we use a supercell 2 70 — \ ] éc,
with seven unit cells and we assume periodic boundary con- 65 E B 7 0.04
ditions at the edges of the supercell. The defect is introduced r D\?
by removing rods from the sixth layer. Figure 4 shows the 60 - ot T s 0,02
defect frequency and the linewidth as a function of the cavity 0 0.2 04 . 06 08 !

size. The cavity size is (£ m)a? wherem is the number of
the removed cylinders. The dependence of the defect fre-

Lin et al®®

FIG. 5. Linewidth and the frequency of the defect state as a
guency from the cavity size is similar to the one measured byunction of the ratio of the radius of the distorted rogover the

They explained this behavior using a 2D resona-radius of the undistorted rod
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and it saturate$0.06 GH2 for ry/r tending to zero. The 0
minimum of the linewidth in the middle of the PBG can be
explained from the fact that the transmission at the center of

the gap becomes minimuifdotted line in Fig. 1 So, the
photonic crystal that is around the defect will be a better @
reflector for frequencies in the middle of the gap and that
will force the wave to become more localized around the
defect at these frequencies. For that reason, the linewidth ha
a minimum at the center of the gap. Fg/r close to zero, 60
the defect frequency is almost constant; for that reason the
linewidth is almost the same fog/r less than 0.2.
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Ill. THREE-DIMENSIONAL CRYSTALS 10 12 14 16 18
Frequency (GHz)

In this section, we study the 3D, layer-by-layer photonic 0
crystals introduced by the lowa State University gréup®t
The structure is made of layers of cylindrical alumina rods
with a stacking sequence that repeats itself every four layers
with repeat distance=1.272 cm. Within each layer, the
rods are arranged with their axes parallel and separated by
distancea=1.123 cm. The orientations of the axes are ro-
tated by 90° between adjacent layers. To obtain the period-§
icity of four layers in the direction of stacking, the rods of
the second neighbor layers are shifted by a distaneg2in
the direction perpendicular to the rods’ aXxe$3!In order to
simulate this structure with the TMM, we divide the unit cell
into 7X7X8 subcells assuming that tlzeaxis is along the 10 12 14 6 18
Stacking direction. Frequency (GHz)

Figure 6 shows the transmission of EM waves incident on
a layer-by-layer photonic crystal with four unit-cell thickness
(16 layers of rods The k vector of the incident wave is
along the stacking directiofz axis). For the periodic case

(dotted lines in Fig. § there is a gap between 11 and 15'7eighth layer has been removed. Parfalsand(b) correspond to the

GHz for both pola_rlzatlons. We |ntrod_uce a (_1efect In thlspolarization with the electric field parallel and perpendicular to the
structure by removing every other rod in the eighth layer. AErst layer of rods.

defect peak appears at 12.58 GHz. The width of the pea

(0.016 GHz is almost the same for both polarizations, and

the transmission at the top of the pe@k3.4 and—29.7dB  X107° GHz, which corresponds t® greater than 19

is higher for the polarization where the incident electric fieldwhile the defect frequency and the transmission at the top of
is parallel to the axis of the removed rods. In general, thdéhe peak remain almost the saiti®.61 GHz and-3.8 dB,
transmission for the parallel polarized waves is more affectefiespectively.

by the defect than the perpendicular polarized waves. We can Figure 7 shows the results for a similar system with four
probably explain that by making the following simplifica- unit-cell thickness. The defect is introduced by changing the
tion. Let us assume that the layer-by-layer structure consist@dius of every other rod in the eighth layer. The radius of
of two different 2D photonic crystals. The first one has cyl-

I“_“{,--A\[. 'I‘i T | T T H l T T T | T ‘(ll \ T I T

-20

(dB)

mission

-40

T

-60

T | L | LI | LI I LI I

1 | | I | S 1 I | — | L1l |

FIG. 6. The transmitted intensity of EM waves propagating
through a 3D layer-by-layer PBG consisting of 16 layers of rods.
The dotted line corresponds to the periodic case, while the solid line
correspond to the defect case in which every other rod from the

inders parallel to the axis and the second one has cylinders 12.6 e 0,12
parallel to they axis. By creating a defect in the second 2D [ €
photonic crystal and assuming no interactions between the 4, 4 [ o 0.1
two polarized wavegwhich is a really rough approxima- - ] c
tion), we expect that only the wave with tiefield parallel S 1.0 L ] o0se
to they axis will be affected by the defect. This is actually > > g
. . . . o F - 0.06 5-
what we see in Fig. ®). Of course, since there is nota § > [ o ] ol
complete separation between the two polarizations, we also g’-{ 2r - 10042
see smaller effects of the defect in the other polarization & I —1b 1 -
[Fig. 6@)]. TheQ factor and the defect frequency are in very N8y -~ 1 002
good agreement with measurements in the same r ]
configuratior?® However, the measured transmission at the 1.6 0' ' "')']' ' '6'2" '6'3:"6';“6';' '6'(;' ‘670

top of the peak is about 10 dB smaller than the calculated
one, most probably due to some small absorption of the alu-
mina rods® By increasing the thickness to eight unit cells  FIG. 7. Linewidth and the frequency of the defect state as a
(32 layers of rods the width of the peak becomes 9 function of the ratiory/r.

rg/r
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very sharp peak for both polarizations at 12.49 GHz. The
] width of the peak is about 810 4 corresponding toQ

. =43 000 for both polarizations. The transmission at the top
T of the peak is 4 dB higher for the polarization with tke
field parallel to the added rods. Comparing the defect cases
with added and removed rods, we find that in the added
defects case, the results for both polarizations are sifhsita

_ Figs. §a) and 8b)] in contrast with the removed defects case

. where the two polarizations have significant differenjcese

. Figs. §a) and Gb)]. There is no apparent explanation for that
difference. We also find that th® factors are much higher
for the added rods case, while the transmission at the top of
N R NS S NS S N the peak is higher for the removed rods case.

20 —

40 |-

Transmission (dB)
T

-60 —

IV. CONCLUSION

We have studied defect states in 2D and 3D dielectric
photonic crystals. In all the cases, the calculated defect fre-
quencies are in good agreement with the experimental
_ measurement®:23 However, there are some differences be-
. tween the present calculations and the measurerfiéespe-

T cially for high thickness photonic crystals. We attributed
these differences to the absorption losses. In particular, we
found that the linewidth of the defect states decreases expo-
N nentially with the thickness of the photonic crystal in the
60 - - absence of absorption. However, it saturates at high thick-
- . nesses when we introduced absorption. The higher the ab-
o ” — 6 s sorption, the higher the saturated value of the linewidth. This
Frequency (GHz) explains why the measured values of dactor (which is
inversely proportional to the linewidttare less than several

FIG. 8. The transmitted intensity of EM waves propagating thgusands.
through a 3D layer-by-layer PBG consisting of 12 layers of rods.  por constant thickness, the transmission at the maximum
The dotted line corresponds to the periodic case while the solid ling te defect peak decreases rapidly as the imaginary part of
corresponds to the defect case in which an additional rod has begfe giglectric constant increases. However, the reflection at
placed after every Other. ro‘.j of the fifth Iayer'. Pa.m(@[)sand (b) the defect frequency as a function of the imaginary part of
correqund to the pollarlzatlon with the electric field parallel andthe dielectric constant, Ine), has a minimum at a particular
perpendicular to the first layer of rods. value of Im{) that depends on the thickness of the photonic
crystal. Interestingly, the reflection could be as low as
—20dB at this minimum. We argue that this effect can be
used for the fabrication of efficient antireflecting coatings.

We also found that the defect frequency can be tuned
along the photonic band gap by changing either the cavity
size or the radius of the distorted rods in accordance with
é)_revious studie$>#

20 —

240 |-

Transmission (dB)
T

the defect rod ig 4, while the undistorted radius is The
defect peak emerges from the lower edge of the ¢k
GHz) for ratiosry/r around 0.7, and it tends to higher fre-
guencies as /r decreases. Fary/r close to zero it satu-
rates to the frequency of 12.6 GHz. The linewidth is 0.1 for
rq/r=0.65, and decreases rapidly to 0.02 GHz atr =0.
So, we can change the position of the defect peak by chan
ing the radius of the distorted cylinders.

We also study a case where we add extra rods. We use a
similar layer-by-layer structure with three unit-cell thickness. The authors would like to thank G. Tuttle and E. Ozbay
An extra rod has been inserted after every other rod of théor helpful discussions. This work was made possible in part
fifth layer of the photonic crystal. The extra rods have beerby the Scalable Computing Laboratory, which is funded by
placed halfway between the lattice rods. Figure 8 shows théowa State University and Ames Laboratory. Ames Labora-
transmission for waves traveling along theaxis and inci-  tory is operated by the U.S. Department of Energy by lowa
dent on the photonic crystal mentioned earlier. There is @tate University under Contract No. W-7405-Eng-82.
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